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Abstract 

LiFeP04  and  LiFeP04/Fe2P  composites  have  been  produced  using  raw  Fe203  materials  by  mechanical  alloying  (MA)  and  subsequent  firing  at 
900  °C.  The  LiFeP04  prepared  by  firing  at  900  °C  for  30  min  showed  a  maximum  discharge  capacity  of  160  mAh  g-1  at  C/20,  which  is  at  a  higher 
capacity  and  improved  cell  performance  compared  with  the  LiFeP04  prepared  using  for  a  longer  firing  times.  LiFeP04/Fe2P  composites  have 
been  synthesized  by  the  reduction  reaction  of  phosphate  in  excess  of  carbon.  By  transmission  electron  microscopy  (TEM)  and  scanning  electron 
microscopy  (SEM)  it  was  determined  that  the  LiFeP04  phase  was  agglomerated  with  a  primary  particle  size  of  40-50  nm  around  the  surface  of 
Fe2P  with  particle  size  of  200  nm.  The  electronic  conductivity  of  the  LiFeP04/Fe2P  composite  increased  in  proportion  with  the  amount  that  the 
Fe2P  phase  and  discharge  capacity  increased  during  the  cycling.  The  sample  containing  8%  of  Fe2P  in  LiFeP04/Fe2P  composite  showed  a  high 
discharge  capacity  and  rate  capability  at  high  current. 

©  2006  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Lithium  ion  phosphate,  LiFePCL,  has  been  considered  an 
attractive  alternative  cathode  material  for  lithium  ion  batteries 
following  its  description  by  Padhi  et  al.  [1].  Despite  its  relatively 
low  costs  and  environmental  benefits,  lithium  iron  phosphate 
suffers  from  poor  electronic  conductivity,  which  increases  the 
impedance  of  the  electrode  and  decreases  the  rate  capacity. 
Various  scenarios  to  overcome  these  problems  have  been  pro¬ 
posed  such  as  the  synthesis  of  particles  to  yield  well-defined  and 
minimized  morphology  [2],  the  coating  of  the  particles  with  con¬ 
ductive  carbon  or  the  co-synthesizing  the  LiFePCL/C  composite 
[3-6].  These  approaches,  in  spite  of  excellent  electrochemical 
performance,  ultimately  led  to  a  loss  in  energy  density  due 
to  the  electrochemical  inertness  of  the  carbon.  Unfortunately, 
the  potential  low-cost  advantage  was  not  materialized  by  these 
methods  as,  although  iron  components  are  cheaper  than  other 
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transition  metals,  expensive  Fe2+  precursor  compounds  were 
selected  as  the  starting  materials  in  these  prior  studies.  In  addi¬ 
tion,  the  conventional  solid-state  method,  which  is  a  general  and 
easy  manufacturing  process  for  cathode  materials,  is  needed  for 
several  heat  treatments  and  subsequent  regrindings  to  improve 
the  homogeneity  of  the  final  products.  These  repeated  firing  con¬ 
ditions  result  in  a  large  particle  size. 

Chung  et  al.  [7]  prepared  LiFePCL  doped  with  a  supervalent 
ion,  which  is  reported  to  be  a  semiconductor  with  p-type  con¬ 
ductivities  of  ~  10-2  S  cm-1  and  an  impressive  cell  performance 
arising  from  minority  Fe3+  hole  carriers.  But  Subramanya  Herle 
et  al.  [8]  have  recently  argued  that  a  continuous  “nano-network” 
of  metal-rich  phosphides  is  responsible  for  the  enhanced  elec¬ 
tronic  conductivity  of  the  doped  LiFePOzp  Metal  phosphates 
which  exhibit  a  high  electron  conductivity  of  about  10-1  S  cm-1 
are  generated  by  carbothermal  reduction  condition  at  high  tem¬ 
perature. 

From  the  above  reviews,  it  is  important  to  develop  a  synthesis 
method  in  which  the  LiFePCL  is  of  small  particle  size  while  mini¬ 
mizing  energy  density  loss  and  minimizing  costs  through  the  use 
of  cheaper  iron  precursors  in  place  of  divalent  iron  compounds. 
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For  these  reasons,  we  synthesized  LiFePC^  and  LiFePC>4/Fe2P 
composites  by  a  mechanical  alloying  (MA)  process  using  triva- 
lent  iron.  Previously,  we  reported  the  effectiveness  of  the  MA 
process  to  synthesize  the  LiFePC>4  and  LiFePC^/C  composites 
using  both  Fe2+  and  Fe3+  raw  materials  [9,10]. 

In  this  study  we  described  the  optimum  MA  and  subsequent 
firing  conditions  to  prepare  the  LiFeP04/Fe2P  composite  with 
excellent  cell  performance,  and  investigated  the  effect  of  Fe2P 
on  the  powder  characteristics  and  electrochemical  properties  of 
LiFeP04. 

2.  Experimental 

LiFePC>4  was  synthesized  by  mechanical  alloying  (MA)  and 
subsequent  firing  at  900  °C  for  30  min,  2,  5  and  10  h,  respec¬ 
tively,  in  a  tube-type  vacuum  furnace  at  a  pressure  of  10-6  Torr 
using  LiOFl-F^O,  Fe2C>3,  (NFL^FbPC^  and  acetylene  black 
powders,  as  previously  reported  [10].  LiFePC>4/Fe2P  composites 
were  prepared  by  ball-milling  the  starting  materials  and  with  car¬ 
bon  in  stoichiometric  excess  (1,  3,  5,  7,  10  wt.%,  respectively), 
and  subsequent  firing  at  900  °C  for  30  min.  Each  heating  rate 
was  15  °C  min-1  and  cooling  rate  was  4  °C  min-1 . 

To  determine  the  optimum  heat  treatment  temperature  and 
to  evaluate  the  thermal  reactions  of  the  ball  milled  powders 
during  the  synthesis,  thermal  analyses  (TGA  and  DSC)  were 
carried  out  for  the  ball  milled  powders  before  heat  treatment  in 
argon  gas  atmosphere.  The  crystal  structures  of  prepared  sam¬ 
ple  powders  were  characterized  by  X-ray  diffraction  (Rigaku 
D-MAX  3000)  using  Cu  Ka  radiation.  The  powder  morphology 
and  particle  size  distribution  were  investigated  by  a  field  emis¬ 
sion  scanning  electron  microscope  (FE-SEM)  and  a  transmission 
electron  microscope  (TEM),  and  a  particle  size  analyzer  (PSA). 
The  specific  surface  area  of  the  powder  particles  was  measured 
by  the  Brunauer-Emmett-Teller  method  (BET),  and  the  electri¬ 
cal  conductivity  of  the  prepared  samples  was  measured  by  the 
four-point  probe  method. 

The  cathodes  for  electrochemical  characterization  were  fab¬ 
ricated  by  blending  the  prepared  active  material  powders 
with  carbon  black  and  polytetrafluoroethylene  (PTFE)  binder 
in  a  weight  ratio  of  75:20:5.  Two-electrode  electrochemical 
cells  were  assembled  with  lithium  metal  foil  as  the  nega¬ 
tive  electrode,  a  polypropylene  separator  and  an  electrolyte 
of  1 M  LiPF^  in  EC:DMC  (1:1  in  vol.)  in  an  argon-filled 
glove  box.  The  electrochemical  cycle  tests  were  performed 
using  an  automatic  galvanostatic  charge-discharge  unit  (Mac- 
cor  series  4000)  at  various  C  rates,  C/x  (x=l,  5,  10,  20) 
(1C=  170  mAh  g-1)  between  2.5  and  4.3  V  at  ambient  temper¬ 
ature  (25  zb  2°C). 

3.  Results  and  discussion 

3.1.  LiFeP04  prepared  by  various  firing  times  using  Fe3+ 
start  materials 

In  our  previous  studies  [10],  it  was  reported  that  LiFePCL 
was  successfully  synthesized  by  MA  and  subsequent  firing  at 
900  °C  using  Fe203  as  a  raw  material  for  the  carbothemal  reduc- 


Fig.  1.  TG  and  DSC  plots  for  MA  sample  in  an  argon  atmosphere. 


tion  reaction,  which  was  assumed  to  proceed  according  to  the 
following  equation: 

LiOH  •  H20  +  0.5(Fe2O3)  +  (NH4)2H  •  P04  +  0.5C 
->  LiFeP04  +  3H20  +  2(NH3)  +  0.5CO  (1) 

Thermal  analyses  for  the  ball  milled  precursors  were  carried  out 
in  order  to  confirm  the  above  reactions  before  subsequent  fir¬ 
ing.  The  TG  and  DSC  plots  for  stoichiometric  mixtures  of  the 
powders  by  MA  are  given  in  Fig.  1.  Under  the  Ar  atmosphere, 
there  are  various  stages  of  weight  loss  in  the  TG  plot  and  both 
endothermic  and  exothermic  peaks  in  the  DSC  plot.  In  the  region 
from  50  to  150  °C,  an  initial  weight  loss  of  3.2%  and  an  endother¬ 
mic  peak  were  observed.  This  corresponds  to  the  dehydration 
reaction  of  LiOEl-EUO  (i.e.  LiOEl-EUO  -a-  LiOH  +  H2O).  As  the 
temperature  increased  to  210  °C,  a  second  broad  endothermic 
peak  and  the  weight  loss  of  6.8%  appeared  in  the  DSC  and  the 
TG  plots,  respectively.  It  seems  that  ammonium  hydrogenphos- 
phate  was  decomposed  into  ammonia  (NH3)  and  phosphoric 
acid  (i.e.  (NTL^HPCL  — >►  2(NH3)  +  H3PO4).  As  the  tempera¬ 
ture  increased  above  210  °C  up  to  480  °C,  the  TG  showed  a 
weight  loss  of  8%  and  the  DSC  plot  exhibited  a  small  exother¬ 
mic  peak.  This  indicated  the  decomposition  of  LiOH  into  lithium 
and  hydroxide  ions  (i.e.  LiOH  -a-  Li  +  OH-),  and  subsequently 
the  powders  were  transformed  to  lithium  hydrophosphate  from 
H3PO4  and  water  (i.e.  LiOH  +  H3PO4  — >  LiH2P04  +  H2O).  The 
Fe203  was  reduced  to  iron  with  weight  loss  of  5  wt.%  as  result 
of  the  carbon  oxidation  reaction  in  the  region  of  480-730  °C, 
which  induced  olivine  LiFeP04  production.  Above  730  °C,  a 
continuous  weight  loss  of  1 .0%  was  detected  up  to  900  °C  in  the 
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TG  plot.  This  indicates  that  single  olivine-type  LiFePCL  was 
obtained  at  900  °C,  which  corresponds  well  with  Eq.  (1).  The 
above  reactions  involved  may  be  summarized  as: 

LiOH  •  H20  ->  LiOH  +  H20  (at  50-150  °C) 

(NH4)2H  •  P04  ->  2(NH)3  +  H3PO4  (at  150-210  °C) 

LiOH  +  H3PO4  ->  LiH2P04  +  H20  (at  210-480  °C) 

LiH2P04  +  0.5Fe2O3  +  0.5C 

LiFeP04  +  H20  +  0.5CO  (at  480-900  °C) 

When  the  conventional  solid-state  reaction  method  was 
employed  to  obtain  the  single  phase  LiFePCL,  a  minimum  two- 
step  firing  and  subsequent  regrinding  procedure  was  required  for 
good  electrochemical  performance  [2].  The  mechanical  alloy¬ 
ing  process,  however,  required  only  a  one-step  heat  treatment 
[9,10]. 

In  this  work,  the  influence  of  firing  time  on  LiFeP04  prepared 
by  MA  and  subsequent  firing  at  900  °C  was  investigated.  The 
XRD  patterns  of  the  LiFeP04  prepared  at  900  °C  for  various  fir¬ 
ing  times  (30  min,  2,  5  and  10  h)  are  presented  in  Fig.  2.  In  spite 
of  being  subjected  to  a  single  heat  treatment,  each  sampled, 
revealed  a  single-phase  LiFeP04  with  a  well-ordered  olivine 
structure  without  impurities.  The  LiFeP04  composite  prepared 
only  for  30  min  is  expected  to  maintain  smaller  particles  than 
samples  prepared  with  longer  firing  times,  giving  it  the  advan¬ 
tages  of  energy  savings  and  cost  reduction.  The  fact  that  LiFeP04 
synthesis  was  possible  using  a  short  firing  time  implied  that  the 
reaction  kinetics  of  the  mixture  could  be  increased  by  the  MA 
process  because  of  the  very  intimate  grinding  of  the  reactants 
on  the  molecular  level. 
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Fig.  2.  XRD  patterns  of  LiFePCU  prepared  by  MA  and  subsequent  firing  at 
900  °C  for  various  times. 

Scanning  electron  micrographs  of  LiFeP04  samples  fired  at 
900  °C  for  30  min,  2, 5  and  10  h,  are  shown  in  Fig.  3.  A  significant 
increase  in  particle  size  and  non-homogeneous  morphologies 
were  observed  as  the  firing  time  increased.  The  reduced  crys¬ 
tal  size  and  particle  size  are  essential  for  electrical  conductivity 


Fig.  3.  SEM  image  of  LiFePCL  prepared  by  MA  and  subsequent  firing  at  900  °C  for  various  lengths  of  time. 
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Fig.  4.  Discharge  capacity  as  function  of  cycle  number  at  various  rates  (C/20, 
C/10,  C/5,  C/1)  using  samples  fired  at  900  °C  for  various  times. 

and  for  the  diffusion  of  the  lithium  ions  during  charge-discharge 
processes  [2] .  The  particle  sizes  in  the  sample  fired  for  30  min 
ranged  from  0.1  to  1  jam,  while  the  sample  fired  for  10  h  con¬ 
tained  3  ptm  particles.  The  BET  surface  areas  of  the  samples  (in 
order  of  firing  times)  were  8.7,  7.9,  5.1  and  1.5  m2  g_1. 

A  comparison  of  the  discharge  capacity  as  a  function  of  cycle 
number  and  firing  time  is  given  in  Fig.  4.  The  samples  were 
cycled  between  2.5  and  4.3  V  at  various  rates  (C/20,  C/10,  C/5, 
1C).  The  discharge  capacity  of  the  sample  fired  for  only  30  min 
was  the  largest  compared  to  other  samples  over  the  entire  range 
of  C  rate,  which  ranged  from  162mAhg_1  at  the  C/20  rate  to 
90  mAh  g-1  at  the  1C  rate.  By  contrast,  the  discharge  capacity 
of  the  samples  sharply  decreased  with  increasing  firing  time, 
particularly  at  a  high  current  density.  This  may  be  due  to  the 
agglomeration  of  the  small  particles  into  larger  particles  during 
the  longer  heat  treatments.  These  results  correspond  well  with 
the  study  of  Yamada  et  al.  [2]  who  reported  that  improvements 
in  the  conductivity  could  be  achieved  by  synthesizing  small, 
homogeneously  sized  powders.  However,  although  the  particles 
were  minimized  to  a  sub-micron  size,  the  rate  capability  of  pure 
the  LiFeP04  was  still  lower  than  those  reported  in  recent  inves¬ 
tigations  [11-13].  Accordingly,  the  effect  of  Fe2P  on  FiFePCU 
by  synthesizing  of  FiFePC>4/Fe2P  composite  was  investigated. 

3.2.  LiFeP04/Fe2P  composite  prepared  by  MA 

Chung  et  al.  [7]  reported  a  remarkable  increase  of  eight  orders 
of  magnitude  in  the  bulk  electronic  conductivity  of  FiFePCU 
to  a  value  of  10-2  Scm-1.  They  proposed  that  a  supervalent 
cation  doping  makes  the  FiFePCU  p-type  semiconductor  with 
minority  Fe3+  hole  carriers.  But,  Subramanya  Herle  et  al.  [8] 
recently  suggested  that  the  enhanced  electronic  conductivity  of 
the  doped  FiFePCU  is  due  to  a  continuous  “nano-network”  of 
metal-rich  phosphides,  which  arise  from  carbothermal  reduction 
at  high  temperature.  However,  effects  of  Fe2P  on  the  synthesized 
two-phase  FiFeP04/Fe2P  composite  have  not  been  reported.  It 
is  considered  that  the  electronic  conductivity  of  this  material 


can  be  increased  by  the  presence  or  Fe2P  with  a  conductivity  of 
about  10_1  S  cm-1. 

Here,  the  FiFePC>4/Fe2P  composite  was  synthesized  by 
mechanical  alloying  in  order  to  improve  the  electrical  conduc¬ 
tivity.  In  our  previous  work  [10],  the  Fe2P  phase  was  generated 
by  the  reduction  of  phosphate  when  a  stoichiometric  excess  of 
carbon  (carbon  in  excess  of  the  stoichiometric  amount  shown 
in  Eq.  (1),  reduced  the  phosphate  and  generated  Fe2P  as  fol¬ 
lows:  Fe2C>3  +  PO4  +  7C  — >  Fe2P  +  7CO)  was  added  at  900  °C. 
The  current  study  controlled  the  carbon  content  in  the  synthesis 
of  the  FiFeP04/Fe2P  composite  to  optimize  the  amount  of  Fe2P 
The  starting  materials  and  stoichiometric  excess  of  carbon  (1,3, 
5,  7,  10  wt.%,  respectively)  were  ball-milled  for  4h,  and  subse¬ 
quently  fired  at  900  °C  for  30  min  (denoted  as  Fe2P-l,  Fe2P-3, 
Fe2P-5,  Fe2P-7  and  Fe2P-10).  The  XRD  patterns  for  these  sam¬ 
ples  are  presented  in  Fig.  5.  In  the  case  of  adding  1  wt.%  carbon 
(Fe2P-l),  the  olivine  FiFePCU  phase  was  prominent  but  the 
impurity  of  Fe2P  was  detected  about  20  =  40.4°.  The  intensities 
of  FiFeP04  phase  was  reduced  and  the  intensities  of  iron  phos¬ 
phide  of  40.4°,  43°  and  47°  were  dramatically  increased  with 
increasing  carbon.  Relatively  Baker  et  al.  reported  that  resid¬ 
ual  carbon  was  detected  [16].  Nevertheless,  all  of  our  samples 
were  not  detected  residual  carbon.  The  reason  of  this  result  was 
caused  by  strong  reducing  atmosphere  in  vacuum  furnace  and 
formation  of  Fe2P 

A  qualitative  analysis  of  Fe2P  was  performed  by  the  direct 
comparison  method  for  the  integrated  intensity  of  reflection  of 
FiFePC>4  and  Fe2P  Qualitative  analysis  for  a  particular  sub¬ 
stance  was  possible  because  the  intensities  of  the  diffraction 
lines  due  to  one  phase  of  the  mixture  depend  on  the  proportion 
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Fig.  5.  XRD  patterns  of  the  LiFePC>4/Fe2P  composite  prepared  by  adding  dif¬ 
ferent  amounts  of  excess  carbon  (1,  3,  5,  7,  10  wt.%). 
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Table  1 


Powder  properties  of  the  LiFeP04/Fe2P  composites 


Sample  ID 

Synthesis  condition 

Amount  of  Fe2P  (%) 

Surface  area  (m2  g  1 ) 

Particle  size  (|xm) 

Electronic  conductivity  (S  cm  1 ) 

Pure  LiFePC>4 

MA  +  900°C,  30  min 

0 

8.5 

0.1-1 

~10"7 

Fe2P-l 

Adding  1  wt.%  carbon 

2 

8.3 

0.2-1. 5 

~10“7 

Fe2P-3 

Adding  3  wt.%  carbon 

8.3 

7.8 

0.5-2 

~10-5 

Fe2P-5 

Adding  5  wt.%  carbon 

14.5 

7.5 

1-2.3 

~10“4 

Fe2P-7 

Adding  7  wt.%  carbon 

20.8 

6.5 

1.5-3 

~10“3 

Fe2P-10 

Adding  10  wt.%  carbon 

31 

5.8 

2-4 

~10“2 

of  that  phase  in  the  specimen  [14].  The  results  of  the  mean  parti¬ 
cle  size,  the  BET  surface  area  and  the  electrical  conductivity  for 
the  LiFeP04/Fe2P  composite  as  a  function  of  amount  of  Fe2P 
are  summarized  in  Table  1 .  It  was  continuous  reaction  between 
carbon  depleted  and  formation  of  Fe2P  because  carbon  acting  as 
reducing  agent.  Therefore,  formation  of  Fe2P  depended  on  the 
quantity  of  excess  carbon. 

The  1  wt.%  carbon  sample  (Fe2P-l)  had  2%  of  Fe2P  in  the 
second  phase  of  the  FiFeP04/Fe2P  composite  and  an  electrical 
conductivity  of  10-7Scm-1.  However,  2  wt.%  Fe2P  was  not 
affected  to  electronic  conductivity.  In  addition  electronic  con¬ 
ductivity  of  pure  FiFeP04  and  Fe2P- 1  was  the  same  even  though 


quantity  of  carbon  was  different.  By  increasing  the  added  car¬ 
bon,  the  percentage  of  Fe2P  was  increased  and  the  electrical 
conductivity  of  the  sample  was  improved  in  proportion  to  the 
amount  of  Fe2P  in  the  FiFePC>4/Fe2P  composite.  The  Fe2P-10 
sample  had  a  higher  conductivity  of  10-2  S  cm-1  than  FiCoC>2 
(~10-3  Scm-1).  These  results  agreed  well  with  the  study  by 
Subramanya  Herle  et  al.  [8]. 

Unfortunately,  as  the  amount  of  Fe2P  increased  the  average 
particle  size  of  the  FiFePC>4/Fe2P  composite  increased  and  sur¬ 
face  area  of  the  composite  decreased  accordingly.  To  confirm  the 
increased  particle  size,  transmission  electron  microscopy  (TEM) 
was  used  to  observe  the  morphology  of  the  FiFeP04/Fe2P  com- 


Fe2P  — ► 

Zone  axis  = 


Hexagonal  structure 

[0111] 


Fig.  6.  TEM  image  of  the  LiFePC>4/Fe2P  composite. 
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Fig.  7.  SEM  image  of  the  LiFeP04/Fe2P  composite. 


posite  as  shown  in  Fig.  6.  The  Fe2P  phase  appears  to  be  spherical 
with  a  crystallite  size  of  about  200  nm,  of  which  the  selected 
area  diffraction  (SAD)  pattern  shows  a  hexagonal  structure. 
The  LiFePC>4  phase  with  a  primary  particle  size  of  40-50  nm 
is  agglomerated  around  the  surface  of  the  Fe2P  phase,  and  the 
corresponding  ring  type  SAD  pattern  reveals  the  random  and 
very  fine  structure  of  the  nanocrystalline  grains.  In  Fig.  7,  the 
SEM  image  of  the  LiFeP04/Fe2P  composite  also  shows  that  the 
fine  LiFePC>4  particles  are  dispersed  on  the  surface  of  the  rel¬ 
atively  large  Fe2P  particles  size  as  also  observed  in  the  TEM 
images.  This  confirmed  that  the  increase  in  the  average  particle 
size  of  the  LiFeP04/Fe2P  composite  was  due  to  the  large  particle 
size  of  the  Fe2P  phase. 

3.3.  Electrochemical  properties  ofLiFeP04/Fe2P 

Fig.  8  shows  the  discharge  capacity  of  LiFeP04/Fe2P  as  a 
function  of  amount  of  Fe2P  at  C/20  and  C/1  current  rates.  The 
discharge  capacity  of  pure  LiFeP04  was  162mAhg_1  which 
was  the  highest  values  for  all  of  the  samples  at  the  C/20  rate. 
The  discharge  capacity,  however,  decreased  with  increasing  the 


Fig.  8.  Electronic  conductivity  of  FiFeP04/Fe2P  composite  as  function  of  Fe2P 
concentration  and  an  initial  discharge  capacity  at  C/20  and  C/1  current  rate 
(between  2.5  and  4.3  V). 


Fig.  9.  Cycle  life  of  the  FiFeP04/Fe2P  composites  prepared  with  different  car¬ 
bon  concentrations. 


amounts  of  Fe2P  and  reached  100  mAh  g-1  for  the  Fe2P-10 
sample  at  the  C/20  rate.  Fe2P-10  sample  contained  31%  of 
Fe2P  which  is  itself,  electrochemically  inert  and  may  not  have 
enough  lithium  ions  for  intercalation/deintercalation.  On  the 
other  hand,  the  Fe2P-3  sample  at  the  C/1  rate  contained  the 
largest  discharge  capacity  of  1 10  mAh  g-1  while  pure  LiFeP04 
had  only  a  90  mAh  g-1  at  discharge  capacity.  It  seems  that  the 
high  rate  capability  was  improved  due  to  an  increase  in  the 
electronic  conductivity.  By  contrast,  the  discharge  capacity  of 
Fe2P-10  sample  had  the  lowest  capacity  with  at  50mAhg_1, 
even  though  its  electronic  conductivity  was  the  highest  at 
10-2Scm-1.  It  is  considered  that  the  effect  of  insufficient 
lithium  ions  for  intercalation/deintercalation  was  stronger  than 
the  effect  of  increased  electrical  conductivity.  Consequently,  the 
Fe2P-3  sample  containing  8%  Fe2P  showed  improved  electrode 
performance  at  high  current  rate  by  enhanced  electronic 
conductivity. 

The  cycle  life  of  LiFeP04/Fe2P  composites  at  C/5  rate 
to  a  cut-off  voltage  of  between  2.5  and  4.3  V  is  shown  in 
Fig.  9.  The  discharge  capacity  of  LiFePC>4/Fe2P  composite 
increased  with  cycling  regardless  of  amount  of  Fe2P  present. 
In  the  case  of  the  Fe2P-3  sample,  the  initial  discharge  capacity 
was  113  mAhg-1.  After  50  cycles,  the  discharge  capacity  was 
122  mAh  g_1 .  This  behavior  is  markedly  different  from  the  con¬ 
ventional  olivine  LiFePC>4  whose  discharge  capacity  decreases 
with  further  cycling  [  1 5] .  It  seems  that  the  lithium  ions  intercala¬ 
tion/deintercalation  reactions  into/from  an  electrode  can  be  dis¬ 
turbed  by  the  Fe2P  phase  with  relatively  great  particle  at  an  initial 
cycling,  which  causes  a  loss  of  the  first  discharge  capacity.  As 
cycling  continues,  the  pathway  for  lithium  diffusion  can  be  sta¬ 
bilize  and  the  reversible  reaction  of  lithium  can  increase,  which 
results  in  increased  discharge  capacity  and  cycleability.  Conse¬ 
quently,  it  could  be  concluded  that  the  LiFeP04/Fe2P  composite 
enhances  the  electrical  conductivity  and  improves  upon  the  elec¬ 
trode  performance  of  the  olivine  LiFePC>4  composite. 
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4.  Conclusion 

Olivine-type  LiFeP04  was  successfully  synthesized  by  the 
MA  method  and  subsequent  firing  at  900  °C  for  30  min 
using  Fe203.  The  resulting  LiFeP04  had  a  discharge  capac¬ 
ity  of  162  mAh  g-1  and  exhibited  good  electrochemical  cycling 
behavior  when  compared  to  LiFeP04  prepared  from  the  conven¬ 
tional  solid-state  reaction.  These  improved  qualities  originated 
from  the  uniform  distribution  of  fine  particles  and  the  increased 
specific  surface  area  resulting  from  the  MA  process  and  short 
firing  time.  The  LiFePC>4/Fe2P  composite  was  also  produced  at 
900  °C  with  a  stoichiometric  excess  of  carbon  by  reduction  reac¬ 
tion  of  phosphate  resulting  in  improved  electrical  conductivity. 
The  sample  containing  8%  of  Fe2P  in  the  LiFeP04/Fe2P  com¬ 
posite  demonstrated  a  high  discharge  capacity  and  cycleability 
at  a  high  current  rate. 
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